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The three main methods to implement molecular polarizagmint dipoles, fluctuating charges,

and shell modelare tested against high levab initio calculations for a moleculéwater, carbon
tetrachloride close to a point charg@t the distance of a lithium or magnesium johhe goal is to

check whether an approximatigiinear polarization strictly valid at large intermolecular distances

is sufficiently accurate for liquid state molecular dynamics simulations, where strong polarization
effects are to be expected at short separations. The monitored observable is the molecular dipole
moment as a function of the charge-molecule distance for selected molecular orientations. Analytic
formulas are derived for the components of the molecular polarization tensor, facilitating the
optimization of the performance for each polarization method as a function of its underlying
parameters. Overall, the methods studied provide a remarkably good representation of the induced
dipole, with no divergences appearing even at the shortest distances. For water close to a
monovalent point charge the point dipole model, implemented with one or three dipoles, accurately
reproduces the water dipole moment at all distances. Deficiencies appear as the molecular
polarizability and/or charge increase: basically, #ie initio induced moments grow faster at
intermediate distances than the linear increase characteristic of the phenomenological polarization
methods, suggesting that nonlinear effgtigperpolarizability cannot be neglected in these cases.
Regarding the capabilities of each method, the point dipole method is the one that performs best
overall, with the shell model achieving acceptable results in most instances. The fluctuating charge
method shows some noticeable limitations for implementations of comparable compiexéyms

of the number of sites required © 2004 American Institute of Physics.
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I. INTRODUCTION lomb interactions and parameters are optimized so that se-

It is widel d that the inclusi ¢ volarization | lected liquid state properties get acceptably close to experi-
tis widely accepted that the inclusion of polarization IS \yq i) yajues or, in an alternative approach,ato initio

indispensable for the next generation of molecular forc_eenergies computed for several cluster configurations. Both

fields in order to confidently simulate heterogeneous envi- . L
. ethods share two basic problems related to the description
ronments. Indeed, a substantial amount of work has alreadg/1

. . . . f the electrostatic part: first, the performance of the polar-
been directed towards this goal, mainly motivated by the|zation methods at short distances is seldomly addressed in
accuracy required in biomolecular simulatibAs(as re- y

flected, for instance, in the recent upgrading of ch@rMM detail (while 'Fhere i_s no gyaraptee that they provide reasop-
force field with the inclusion of a fluctuating charge e_\ble results in regions with highly ponhomogenous elec_trlc
parametrizatiori, or an initial version of an atomic dipole fields) and second, the electrostatic parameters get mixed

model implemented imvBER Ref. 4. At this point it might ~ With energetic or condensed phase properties, while this
be convenient to critically examine the performance of thetould in principle be avoided. An example should clarify
simple polarization methods that are being used, and the wa{€s€ points: in the vast literature on ion solvatidh (a

in which polarizable force fields are constructed. In standar@cenario in which short range polarization effects can be ex-
practice one of the available polarization methods is added tBected to be particularly importanthat makes use of clas-

a force field functionatwith, e.g., Lennard-Jones and Cou- Sical polarizable methods, we are not aware of any work in
which the induced dipole moment is computed as a function

AElectronic mail: marco.masia@upc.es of the ion-molecule distance, and the results compared with
bElectronic mail: michael.probst@uibk.ac.at ab initio calculations. Such a comparison m|_g_ht gllow are-
®Electronic mail: rosendo.rey@upc.es assessment of the way in which polarizability is handled
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prior to the development of the force field. It is a test of thisThis is the case for both thab initio results and for those
sort that will be undertaken here for the most popular polarwith classical polarization method#here only the molecule
ization methods. Moreover, considering that high qualityis allowed to be polarizedAlthough, in principle, there is no
electrostatic multipoles are readily obtainedain initio cal-  obstacle in computing the total induced dipole moment of an
culations, it is suggested that the electrostatic part might ben-molecule dimefwhich will be addressed in a forthcom-
decoupled from liquid state properties and/or cluster energieisig contribution), several considerations justify this simpli-
to better understand the effect of polarization. The contradicfied approach. First, almost all simulation studies of solvated
tory results obtained to date on the contribution of molecularcations have neglected ion polarizability, so that it is impor-
polarization might result from comparing force fields thattant to assess to which extent these models hold when com-
have been optimized mixing electrostatic with energeticpared withab initio calculations. An interesting issue is that
and/or condensed phase aspects in variable proportions, anfl polarization divergence which has been often invoked to
using different polarization methods with uncontrolled or un-introduce damping schemes at short separations and ascribed
clear behaviors at short distances. to the use of point charge models. Although this claim has
As already emphasized, the environment of an ion inbeen disproved for the water dinférjt might be possible
solution is of particular interest, which justifies to study po-that such divergence exists under the stronger fields created
larization effects for ion-molecule dimers instead of, for in- by small cations. Moreover, this simplified approach should
stance, addressing molecules under strong homogeneopgsovide a simple picture of molecular polarization, but one
fields. Regarding the molecules selected, water is a mand#hat can still be rigorously compared witb initio results.
tory choice. As stated, for instance, in a review by Elrod andReal ions would introduce a higher degree of complexity
Saykally?® many-body effects can have important manifes-since the total polarization depends then on both ionic and
tations in a number of bulk water properties and, unlike inmolecular contributions as well as on charge transfer. To-
most atomic and molecular systems, many-body effects igether with the fact that the total dipole moment for charged
hydrated ion systems can result in substantial structuraystems depends on an arbitrary origin, the result would not
changes. Considering this critical role of water, it is remark-be intuitively clear. In short, the molecules have been treated
able that a simple and reliable polarizable model is not yeexactly but for the ions it is assumed that beyond the ionic
available although, starting with the pioneering work of Bar-radius (our induced moments have only been computed
neset al,?® a large number of polarizable models have beerdown to the closest distance for the real ion-molecule dimer
developed in the past and new ones are being developed thtey behave as point chargéhis approximation is virtually
an increasing pac& %! (the study of phase coexistence con-exact from rather small separations onwards, as will be
stitutes a relevant example of the difficulties encoun-shown.
tered?~%9. It is obvious that there is a need for such a model ~ There are three approaches for the inclusion of polariza-
in order to replace thénonpolarizablgworkhorses of liquid  tion that are amply usetand for which a comparative study
state simulatiorisuch as SPC/E Ref. 65 and TIP4P Ref).66 is reported here: point dipol&S;"* electronic equalization
Comparison with high leveab initio results for the dipole (fluctuating charges’? and Drude oscillators or shell
moment(or even higher multipolgsin strong nonhomoge- models’® Methods that handle many-body effects by includ-
neous electric fieldglike those in the presence of an jon ing three-body termsor highe) in the parametrization of
might be a convenient and systematic way to guide futurenergy’*~"®without making use of explicit polarization, are
work. In this connection, only the work by Alfredsson also rather popular but are not included in the present study.
et al®” on the water dimer, where polarization was modeledwhile they have the advantage of computational efficiency
by a single point dipole and the most probable configurationgnd can accurately reproduce the energy landscape, they are
were compared witkab initio calculations, is along the lines unable to provide information on induced dipoles. We also
of what is reported here. Although different from the presentdo not analyze the extremely useful work on polarizable at-
approach, the concept of molecular polarization potentiabms designed to incorporate reaction fields into quantum
map has also been used to help understand the performanceemical calculation§’ Each of the methods studied here
of different polarization models for the water molecffle. has,a priori, its strong and weak points. In the point dipole
The main limitation of water, when looking for general approach, the fact that dipoles are located on different sites
guidelines, lies in its low polarizability. As an example of a substantially increases the complexity of molecular dyamics
highly polarizable molecule we selected carbon tetrachloride(qMD) codes. This method, though, seems the most natural
which displays a number of interesting features: its polarizchoice if a sort of hierarchical approatfeasible for increas-
ability is almost one order of magnitude larger than the oneéng computational resourcess to be followed, since it
of water, it has no permanent dipole moment, and no polarwould allow for the inclusion of higher multipolé§.The
ization anisotropy. fluctuating charge method, in which site charges depend on
Regarding the ions chosen, "Lishould provide upper the environment, is one of the most appealing because no
bounds on the polarization that a monovalent ion induces osignificant changes need to be made in existing nonpolariz-
neighboring molecules. Similarly, Mg is the smallest di- able codes. It has also the conceptional advantage to describe
valent ion of biochemical interest. It is important to keep incharge transfer within a moleculen which this approach is
mind, though, that the present calculations correspond to based. Unfortunately, it is difficult to model out-of-plane
molecule in the vicinity of a point chargeingly or doubly  dipole moments for planar molecuféor even polarizable
charged, rather than to an actual lithium or magnesium ion.atomic ions'° Finally, the shell model has similar advantages
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regarding easiness of implementation. Its main problem For an isolated molecule, the molecular energy is ex-
might be the shortening of the time step that the inclusion opanded to second order in the partial charges

fast vibrating oscillators imposes and the use of more inter- M M

action sites. One important point that has not been addressed |, —Uo({rH)+> X%+ 12 2092

so far is that of the equivalence between these methods. In "¢ ~° S 2E

principle all three are capable of providing at least the same
mean polarizability under homogeneous fields and are there-
fore indistinguishable at long intermolecular distances. How-

ever, at short separations it is not clear if they are still inter- hereU denotes the ch ind dent tributi
changeable, since they céand dg have different responses WO e“re 0(.{r}) enotes the charge 'Q “epen ent contribution,
(“atomic electronegativity’) andJ; (“atomic hardness}

to nonhomogeneous fields. While computational convedi ' M L o
nience has been a major factor to decide which method t8'¢ " principle characteristic of the atomic sitandJ; (r;)

use, it will be investigated here if this different performanceg alscrge_zntlng ffnfts'?nt' Wh'(t:h IS usg_?llly clomput;a_d as the
at short distances could provide a physically based criterion oulomb Integral of Slatans atomic orbitals. In practice £4.
) is probably better regarded as a convenient expansion of

These methods do not encompass all the possibilities a(&

hand. Mixed methods are also possible: within the fluctuat!"® molecular energy, with parameters to be fitted from mo-

ing charge model, charges can be allowed to depart frO'Jr*acul.ar propertie;, aperspe_ctive that will be exploited here to
their equilibrium position® (i.e., an electronic equalization- obtain the maximum possible performance of the method.

Drude oscillator mode] or, again using fluctuating charges, Moreover, and although this possipility lies out;ide .the. Scope
polarizable point dipoles can be ad@®L(i.e., an elec- of the present Work, thé;; (rij) coeff'|C|ents are, in pr.|nC|pIe,
tronic equalization-point dipole methpdObviously, any dependent on the intramolecular distances if a flexible model
other combination is, in principle, possible. It is not clear, is being consideredan Appendix in Ref. 82 contains a de-

though, if these approaches can solve the problems of Simp;gliled discussion of how the calculation of intramolecular
methods: if nonlinear effects turn out to be importémtper- OrCET’i IS g;féited Itn' stuhcht c?se lect tiviti ithin th
polarizability), none of these refinements would be capable | el jga |s/&a a omhe e|3 ronegal_m 1es Vﬂ inthe
of addressing them. This is one of the main focuses of théfo ecule ()(ih_'l moi/0q;), ~shou I equalz? )(1,\,7)(2
present work. Another reason not to address mixed methods " *Xm), While maintaining overall neutrality ;= ,0;

at the outset is that simple methods have not been optimized 0). This is equivalent to the minimization of the molecular

in most cases; it suffices to say that we know of no simpleenergy With_ _respect to the partia_l charges, again with the
polarizable model of water that displays the experimentaﬁdd'id C_O”f"“_of‘ of chﬁrge neu_trahtr)]/_. h th lecule | b

anisotropic polarizability. Therefore we decided to investi-. articularizing to the case in w Ict the molecule Is su )
gate their maximum performance before embarking on morée_Cted to an external homogeneous field, the total energy is

sophisticated approaches. To this end we have also derivélfVen by

M
+
=1

M
2 Jij(rijaiq; , 1
J#F1

N| =

analytic formulas for the polarization tensor components for - _B.E

. . . u Umolec p E, (2)
each of the methods, since these are helpful in guiding the . _
optimization process. wherep denotes the molecular dipole moment. If the energy

The outline of the paper is as follows: a Summary of theis minimized, W|th the additional Constraint Of e|ectl’0neutl’a|—

polarization methods used is given in the following section.ity (with x being the corresponding Lagrange multipljer
Details of theab initio calculations for the chosen systems HU—x=.q;)
M)

are summarized in Sec. lll. The reader not interested in com- T:O’ (3)
putational details can find the main results and the discussion ai
of capabilities and shortcomings of each method in Sec. IMthe following set of equations is obtainédith the first one
The main conclusions are summarized in Sec. V. applying for each sité within the moleculg
ap -
Il. POLARIZATION METHODS Xi+‘Ji0qi+]_2#i Jiij_ a_q-'E:X’ (4)
I

Here we summarize the fundamentals of the polarization
methods studied, together with the corresponding parameters
for water and carbon tetrachloride required in each method. 2 q;=0, ®)
Moreover, analytic formulas are given for the polarization :
tensor in each cas@vith the mathematical derivation out- from which the induced charges required to evaluate the mo-
lined in the Appendix for illustrative examples lecular polarizability can be obtained.

We now give the analytic formulas for the polarization
tensor components in the case of water and carbon tetrachlo-

In the chemical potential equalization meth¢éGPE ride. As a general rule, this tensor has no dependence on
Ref. 72 variable discrete charges are located on atomic sitegomic electronegativiti€s (which are themselves linked to
within the molecule. Their value is computed, for a givenpartial charges This fact greatly facilitates the construction
molecular geometry, by minimization of the electrostatic en-of fluctuating charge models: theparameters can be opti-
ergy. Within the context of liquid state simulations it is most mized to reproduce the experimenal values of the polariza-
usually known as the fluctuating charge metfidd. tion tensor components, while the electronegativities can be

A. Fluctuating charges
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TABLE |. Parameters for fluctuating charge models of water. 2. Carbon tetrachloride
SPC-FQ TIP4P-FQ In the case of carbon tetrachloride, with one fluctuating

charge on each atomic site, all three polarization tensor com-

doy (A) 1.0 0.9572 t |

doy () 00 0.15 ponents are equal,

61101 (deg) 109.47 104.52 1

3 (kImol te2) 1536.1 1555.3 - 4d cogtg 1(y2)] ©

3% (kImol L e2) 1641.5 14775 ccly X-daa |

Jon (kI mol te™?) 1155.2 1198.7

Juu (kI morte™?) 820.4 852.2 whered stands for the carbon-chloride distance and tetrahe-

dral symmetry is assumed. It is important to note that as long
as the difference]&—\]m, is kept constant, the same mo-
lecular polarizability is obtained. Therefore thevalues can

be optimized so that the best possible accord for induced
dipole moments at short distances is obtaifieds also in-
teresting to note that the carbon hardness does not contribute
to the molecular polarizability Subsequently, only the re-
sults with the model used by Llanta and B&to study in-

1. Water duced absorption in liquid carbon tetrachloride will be re-
ported since, as will be shown within, no significant

consist of three charges, located, respectively, on the twgnprovemen[based on Eq9)] is possible. The correspond-

0_ 2 0
hydrogen sites and on the oxygé®PC-FQ or an auxiliary "9 parameters _ afé - Jo=962.250 kifnole?), - J¢,

— 2 _ 2
site (M) on the molecular planélong the line bisecting the :igggig l;l/mo:ez), ‘;%CI__1577gé7§6 k;?mr?'e ) . Jcmh
bending angle and towards the hydrogens, TIP4p-B@- : Jimole), andd=1. » Which reproduce the

fining the z axis along the bisector of the bending angle andexperlmental polarizability10.5 &) when inserted in Eq.

thex axis perpendicular to the molecular plane, the foIIowing( )-
expressions resdftfor the polarization componentsee the

tuned to reproduce any charge set of chdmfen designed
to reproduce multipole momentsSuch approach has been
successfully applied to neat carbon tetrachldfidged simi-
lar chloromethane®.

The most popular fluctuating charge models of whter

Appendix: B. Point dipoles
=0, (6) In this method both fixed partial charges and induced
dipoles are located within the molecule. The value of the
_2d2 Siré(6/2) induced dipoles [§;) can be derived starting from the elec-
Qyy= °_3 ' (@) trostatic energy of a polarizable parti¢laf polarizability «;)
H™ JHH i icie8”
subject to an external fi€lt
2d2 cog(6/2) ® p2
ay= , __ R M
3%+ Iy 43po+ 239 Ui=—p;-Ei+ 20 (10)

whered denotes the oxygen-hydrogéor M-hydrogen dis-  \wherep; denotes the induced dipole.
tance and the angle between both bonds. The field is produced by the external partial charges

It is well known that neither of the mode(SPC-FQ and  (E%) and by both the intramolecular and external induced
TIP4P-FQ does allow for induced dipoles perpendicular to ginole moments

the molecular planéas reflected in the null value ai,,).
Within the present perspe_cnve, in which the emphasis is put E = Ei0+2 T B, (11)
on an accurate reproduction of induced moments, such be- P7i

havior is regarded as an important flaw. Possible solution

: : : . ?vhereT”- denotes the dipole field tensor
involve an increase in the number of sites or the use o

mixed methodgas discussed in the Introductigrand will 1 FijFij

not be pursued here. The required parameters for the Tij=—3|3—5 —I|. (12
SPC-FQ and TIP4P-FQ modé&lsare summarized in Table I. i i

The associated polarizabilitigebtained with Eqs(6), (7), The following expression results for the electrostatic en-
and(8)] are reported in Table II. ergy associated to induced dipoles:

TABLE Il. Experimental polarizabilities of water compared to those corresponding to the different classical
models studied.

SPC-FQ TIP4P-FQ PSPC POL1 RPOL PDM RER PD1-H20 PD2-H20 Expt.

a (A%) 1.09 1.12 1.44 0979 1975 144 1.44 1.47 1.47 1.47

ayy (A%) 0.0 0.0 144 0922 0.933 144 1.44 1.428 1.415 1.415
ayy, (A3 2.26 2.55 1.44 1464 3.759 144 144 1.532 1.528 1.528
a,, (AR%) 1.02 0.82 1.44 0550 1.234 1.44 1.44 1.451 1.468 1.468
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TABLE IIl. Parameters for point dipole models of water.

PSPC POL1 RPOL PDM RER PD1-H20 PD2-H20
don (A) 1.0 1.0 1.0 0.9572 0.9572 0.9572 0.9572
dow (A) 0.0 0.0 0.0 0.215 0.15 0.22 0.0606
Oon (deg) 109.47 109.47 109.47 104.52 104.52 104.52 104.52
ag (A%) 1.44 0.465 0.528 0.0 1.44 0.0 0.0
ay (A3 0.0 0.0 0.0 1.444 0.0 1.420 48 1.4099
ay (A%) 0.0 0.135 0.170 0.0 0.0 0.00192 0.0038

1 R . . 2o p? nonadditive atomic polarizabilities have been derived that

Up=-— 52 2 pi'Tij‘pj_z pi-E| +2 P (13)  allow to satisfactorily reproduce the molecular polarizabil-
Lo ' ' ' iies of different molecular familie® According to our

which, if minimized with respect t;, yields an implicit  knowledge no analytic formulas are available in the literature

expression for the induced dipole for the polarization tensor principal components for poly-
) atomic molecules, not even in the very important case of
pi= o Ei0+2 Tii B, (14  water.
J#i
1. Water

which can be solved iteratively in numerical simulations.

Since interactions are allowed between induced dipole  Adopting the same geometrical definitions as for the
moments located on different sites within a molecule, thefluctuating charge model, the following expression results for
present model has a nonadditive character. Consistent setstbe polarizability along the axis (see the Appendix

162 ay Sin( 0) — 32apayd® sin’(0) + 32aqa? sinf( 0) — 2afd®
8d° sin’(6) — 16aqary SIN°( 0) + ayd® '
The terms within the first parenthesis correspond to the result that would be obtained if the model had an additive character
(in this limit different additive atomic polarizabilities should be used, which are also avéiablae somewhat involved last

term thus represents the effect of intramolecular interactions between induced dipoles. We have not attempted to partition the
polarization tensor component in a similar way for the two other cases, in order to avoid unnecessarily increasing the

complexity of the formulas.

(15

az;=(aot2ay) +

ay apag 3 sirf(6)—1] apay Sirt(8)co( a)) agay[3 sif(6)—1]
B O( Ry 0)) i d? i a”( L S0 | o3
T ( oy SIMP( 0) co( a)) ( o ) o] 3 SI(0)— 1]an[ 3 sirf(6)— 1] ’
1—144 1- -2
8d° sin’( ) — apd® 4d3sin’(9) dé
(16)
ay apag[3 cod(h)—1] aoay SirP(6)cog( a)) 2apa3 cos(6)—1]
2 2 ~72
°< Tt s a)) i RE i a”( L s )t and® | RE
Ayx= ;
( L 7,00 sire(6)co( 0)) ( Lo ) . ag[3 cod(0)—1]ay[3 cod(6)—1]
4d°® sin’(6) + apd® 8d3sin’(9) d®
(17

A large number of models exist for water, ranging from dipoles, are reported in Table Il. It should be noted that mod-
those with only one point dipoléocated on the oxygen or els with only one dipole are isotropic, while the water mol-
on theM site) to those that have three point dipoles, respececule displays anisotropic polarizabilities. Although this is,
tively, located on the hydrogens and, again, on the oxygen an principle, a reasonable approximati¢the difference be-

M sites. A summary of the parameters for each of the modelsveen polarization tensor components is less than)1d%
studied here is given in Table Ilalthough only the most not clear to what extent it can be trusted at short distances, a
successful will be discussedrhe associated polarizabilities, point that will be addressed here. It is somewhat surprising
obtained with Eqs(15)—(17) for the cases with three point that none of the models with three point dipoles available in
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TABLE IV. Site polarizabilities for the different C¢lpoint dipole methods  such optimization is denoted PD1-H20 in Table(tHere the

discussed. charge is located on thk! site characteristic of the TIP4P
Reference 69 PD-CCl4 PD-central model, as this turns out to be superior to locating it on the
A3 0878 000 oo oxygen. We have also included the position df in the
ac . —1. . S . . )
g (R9) 1.910 2 880 0.00 optimization process, and denoted the resulting model PD2

H20; it reproduces correctly th@gas phaseexperimental
anisotropic polarizabilitiegsee Table .

the literature have aimed to reproduce the experimental arf- Carbon tetrachloride

isotropic components, while an excellent match can be at- If induced dipoles are located on each atomic site and
tained by optimizing the oxygefor M site) and hydrogen tetrahedral symmetry is assumed the following expression is
polarizabilities with the help of Eq$15)—(17). The result of  obtained:

2048xcac+ 288242,
1024/2d%- 81922 agac— 2432 %+ 96\3acd®”

9y3
acel,=(actdac) +| 4\2ac+ 8 am) (18)

Similar to the case of fluctuating charges, the moleculawhere the first term stands for the energy of the oscillators
polarizability (e¢cc) depends on two parameterad,ac), and the second for that of the induced dipoles in the presence
so that an infinite number of pairs can be obtained that yielaf the external field.
the same molecular polarizability. Again, this feature has  The equilibrium position will be found by solving
been exploited to explore the maximum performance of the

method. Results for two different sets are repor(@dble iJ_:O, (20)
IV): the model proposed in Ref. 69, and an optimized point  dd;
d|polg model(PD-CCIl4) developed here along the lines just which, considering tha|5i=2iquai yields
described.
kidi—dpE=0 (21
so that
C. Shell model
Several denominationgDrude oscillator, charge-on- aiz%é_ (22)
i

spring, shell modeglexist for closely related versions of this

method. Essentially, induction is represented by charged par- |nserting into the formula for the induced dipoles, we get
ticles attached by springs to several sites within the mol-
ecule. In its most simpléalbeit rather popularform only ﬁ:z hé 23
one charge is used which, for instance in the case of water, Pi ok

might be attached to the oxygen site. Under the effect of an -

external field the position of each auxiliary charge is adjustedom which the polarizability in the direction d is identi-

to minimize the electrostatic energy. fied as
The total partial charge for each sitg) is split between %R,
a fixed charged; — qp;) and an auxiliary chargegg;) that is a=, —or (24)
~ k.

allowed to move in the vicinity of the sitgso that in absence ki

of external field, both charges will overlap, with a net charge  gjnce the result is independent of the electric field direc-
). Notg that, in Fhe present formulatlon, this is an adqlthetion, an important limitation is that molecular polarization in
model since no intramolecular interactions are considereghis method is isotropi¢even if more than one site per mol-
between charges, the displacement of auxiliary charges stergg, e is used Regarding parameter optimization, somewhat
from external fields only. Each auxiliary»charge is harmoni-gitferent approaches are possible. In principle each term of
cally bound to its sitéwith position vectorr;) by a spring of  he sum could be identified with the corresponding atomic
force constank; ..l_Jn_der the (_afftiCt of the external field it will polarizability (a’iquDi/ki)v which makes more evident the
settle on an equilibrium position +d; . The part of the total  zqditive nature of the moddlas Eq. (24) reduces toa
energy associated to the induced dipoles generated when thes, . ]. If these atomic polarizabilities are taken as gitfen
molecule is under the effect of an external field is given by tpen only one free parameter is left for each sqéi(or k).
In another approach, since tli@veragé molecular polariz-
U= 2 %kidiz— 2 B é, (19 abilit_y is the only observable_atom;c polarizabilities are used
i i as first guess of the quotientxyg;/k;), but all param-
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TABLE V. Parameters for shell models of water.

Reference 56 Reference 58 Reference 76 SH-H20

doy (A) 1.0 1.0 1.0 0.9572
dow (A) 0.0 0.0 0.0 0.215
Oon (deg) 109.47 109.47 109.47 104.52
ko (kJ moltA?) 61535.44 4185.5 65 784.0 0.0

ky (k3 mol 1 A?) 0.0 0.0 0.0 62 597.64

ky (kJ moltA?) 0.0 0.0 4597.0 29096.44
doo(e) -8 2.08241 —5.00 0.0
dom(€) 0.0 0.0 0.0 8.0
don(e) 0.0 0.0 -0.75 0.2

eters are subsequently variédith the only restriction that larizabilities. Newer density functionals such as B3LYP Ref.
the total molecular polarizability remains unchange8oth 91 perform bettéf and give an error around Z%or les$* if
approaches have been followed here in order to explore thesed with specially designed basis s&t&or our calcula-
maximum performance of the method. Actually, numericaltions we decided to use the B3LYP density functional with
efficiency also puts an important restriction on the sort ofthe aug-cc-pVTZ Ref. 96 basis set since a vast number of
models that are acceptable. Since in its most popular forrstudies have already demonstrated its accuracy also for other
the method is applied making use of a generalized Lagrangjuantities we are interested in with respect to future investi-
ian, with the dynamics of the auxiliary sites integrated to-gations. A good overview of the performance of density
gether with that of the nuclei, spring stiffness cannot be todunctionals for the calculation of electrical properties is
large since this would require a rather short time step. Congiven in Ref. 97.

versely, the charges cannot be large either, wittDe being In order to find the minimum of the potential energy
a rough upper bound of the values that can be found in theurves Li" and Mg* were described with the 6-31f®asis
literature. sef® since for these metals no aug-cc-pVTZ basis is avail-

Parameters for the different models available for waterable. Then the potential curves were calculated by moving
and for the optimized one developed in this weBH-H20,  the ions in the directions relative to,@ and CC} described
are summarized in Table V. The corresponding polarizabilin the subsequent sections. The curves of the induced dipole
ities can be found in Table II. For carbon tetrachloride therenmoments as function of the distance were calculated in the
are no available models, an optimized version has been deame way except that the ions are replaced by point charges
veloped herdSH-CCI4 with parameterk-=0.0, qpc=0.0,  without basis functions.
ke=13206kImolt A%, gpc=5e), which yields the ex-
perimental polarizability. IV. MOLECULE CLOSE TO MONOVALUED CHARGE

We first address molecular polarization in the proximity
of a monovalued charge with the radius of a lithium cation.

The performance of the polarization models discussed ill\ Water
this work is examined by comparing the induced dipole mo- ~
ments with those fromab initio calculations on the same The performance of molecular polarization methods only
systems. Therefore it must be ensured that the reference caleeds to be studied for distances that are physically relevant,
culations are of sufficient accuracy. From a quantum chemiso we start by estimating the distance of closest approach.
cal viewpoint, electrostatic properties such as induced dipol€&igure 1 displays the [fi-H,0 energy profiles computeab
moments(and polarizabilitiesare one-electron properties or initio for several molecular orientationgull lines). The
properties of thglinear response of theground-state elec- same calculation has been performed for a point charge
tron density and can be calculated semiquantitatively alread¢dashed linesinstead of a lithium ion in order to ascertain
on the Hartree-Fock level if sufficiently flexible basis sets arefrom which separation the approximation used here for the
used. Qualitatively wrong Hartree-Fock dipole mom&hts ion is accurate. Five molecular orientations have been se-
are found for small dipole moments, however, and accuratécted: C,,-face with the molecular dipole pointing away
calculations of these properties require inclusion of electrorfrom the ion, corresponds to the most probable orientation in
correlation. For polarizabilities, Hartree-Fock calculationsthe vicinity of a cation, as reflected in the deeper minimum;
underestimate polarizabilities typically by up to 10%. Thetrans corresponds to a similar configuration with the mol-
low accuracy of Hartree-Fock calculations with respect toecule slightly tilted, so that there is a collinear ion-oxygen-
polarizability calculations is also evident from the well- hydrogen arrangementpp is a rather different geometric
known approximate character of Koopmans’ theorem sincegonfiguration which remarkably has almost the same energy
to the first-order of perturbation theory, the polarizability is profile astrans, and in which the ion approaches the water
proportional to the sum of the reciprocal excitation energiesnolecule perpendicular to the molecular plane and towards
[a~1/(Ey—E,); E, is thenth excited statg Just opposite the oxygen;C,,-backandcis have been included for com-
to Hartree-Fock, density functional calculations with simplepletness, since they have dissociative profiles and therefore
functionals(VWN Ref. 89, BLYP Ref. 90 overestimate po- will be rather unprobable; irC,,-back the water molecule

Ill. AB INITIO CALCULATIONS
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FIG. 1. Ab initio potential energy curves for LiH,O (solid lines and for
(+)-H,0O (dashed lines

has been inverted with respect @,,-face and in cis the
water molecule has been inverted with respedraos The
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which guarantees that no shorter distances will be reached
during a typical liquid state simulation. This criterion results
in a “radius” slightly smaller than 1.5 A fo€,,-face trans
andtop configurations, which seems a safe estimation since
it is substantially smaller than the shortest distances found
(=1.7 A) in molecular dynamics simulations of Lin water
for a broad range of thermodynamic conditi¥h&ising an
effective potential This minimal distance fo€,,-backand
cis was chosen to be 4 A. Compared with a real cation, the
point charge approximation is virtually exact dovan& A for
C,,-backandcis (the distance at which the solid and dashed
lines start to diverge and down to 2.5 A foC,,-face trans
andtop. These values can be taken as indicative of the clos-
est distances where the induced dipole moments computed
here faithfully represent those of the real ion-molecule dimer.
The first five panels in Fig. 2 display the modulus of the
total dipole moment of the water molecule for each of the
chosen orientationghe last panel displays thecomponent
of the induced dipole moment for thep configuration. In
each case, the results are shown only for the physically rel-
evant range(see above Vertical dashed lines indicate the

distance of maximum approach has been determined in eaclistance at which the potential energy profiles obtained for

case as that in which the interaction energy~id0kgT,

the ion or for a point charge are still indistinguishable. Each

5 5
°
>
=
£
1) 3r
g
2
& 2}
o

dipole moment (Debye)

FIG. 2. Water-monovalued charge: total dipole mo-
ments for representative configuratiqisg&etched in the
insets. Ab initio (thick solid line, shell model(thin
solid line), point dipoles (dashed ling fluctuating
chargegdotted ling. The last panel displays thecom-
ponent of the induced dipole moment for ttop con-
figuration. Vertical dashed lines indicate the distance at
which the point charge model of the ion is still accurate
for the potential energy.

dipole moment (Debye)

distance Li™-O (A) distance Li™-O (A)
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dipole moment (Debye)

FIG. 3. Water-monovalued charge: comparison of the
best results using point dipoleAb initio (thick solid
line), PDM (thin solid line, and PD2-H2O(dashed
line).

dipole moment (Debye)

distance Li"-O (A) distance Li™-O (A)

plot includes theab initio result together with the best point to nonlinear polarizatiorinot reproducible by the classical
dipole, shell, and fluctuating charge models. Before discussnethods tested herewhich in this case is only barely no-
ing each one in turn, several things can be observed at thiiceable. Finally, concerning the validity of the present re-
outset. First, inspection of the shortest distances shows thatilts for a real ion-molecule dimer, all the above conclusions
induced dipoles can substantially exceed the permanent dare equally valid for distances larger than those indicated by
pole momen{1.85 D (with total dipole moments that reach the vertical dashed lines.

up to 4.5 D for the most probable orientation, i.e., an induced We now turn to a case per case analysis of each polar-
dipole of 2.65 D, which highlights the importance of includ- ization method, although given the large number of models
ing polarization in order to properly describe these strongstudied, only the main aspects will be includédr the best
induction effects. Conversely, inspection at larger distancemodel3. The point dipole models can be classified in two
shows that all methods are interchangeable from a distanadistinct groups: those with one point dipole and those with
of 4-5 A (i.e., two molecular diametexswhich signals the three dipoles. Within the first group the differences lie in the
distance from which the linear polarizability approximation position of the dipole. Several possibilities have been tried:
is virtually exact. Regarding the performance of eachthe oxygen sitéd?*°the center of mass:*’ and finally, those
method, the shell and point dipole method reproduce fairlythat locate it on theM site*® with oxygenM distances that
well the ab initio profiles, the latter method coming even can be varied’ From the comparisofinot included of all
closer at the shortest distances. Finally, another importarihese models, and again in line with the results for the water
conclusion can be drawn: when compared withahenitio  dimer®” the best accord with thab initio profiles is obtained
results, no overestimations are observed for any of the polawhen the point dipole is located on dhsite, with a distance
ization methods. This is in line with the conclusion obtainedof ~0.2 A from the oxygen. Therefore the single-dipole
for water dimer$’ according to which the high dipole mo- models reported in Ref. 48 arithe best modelin Ref. 67
ments obtained in molecular dynamics simulations of polarprovide an optimal representation of the molecular induced
izable water using the point dipole approximation cannot belipole on the water moleculé@and will be denoted PDM
ascribed to a failure of the method. Actually, this notion isActually, a single point dipole model is optimal since none of
considerably reinforced here since it is tested close to #he models with three point dipoles that have been tried is
monovalent ion for several polarization methods. If any, theable to outperform it. A comparison between the best one-
only noticeable deviation goes in the opposite direction andlipole and three-dipoles models, for a selected number of
is to be found at intermediate distand@s-3 A), for which  orientations, is displayed in Fig. 3. Several three point mod-
the ab initio results predict slightly higher induced dipoles els have been triedwith parameters summarized in Table
than those obtained with the phenomenological methoddll), which include two new optimized mode(®D1-H20
This discrepancy will be shown to be stronger for higherand PD2-H20, described in Sec. Il B The best model with
ionic charge or molecular polarizability, and is thus ascribedhree dipoles is PD2-H20, and although its description of the
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induced dipole is excellent in all casé¢Big. J), it is still
slightly worse than a one-dipole model at contact. This is
good news from the simulation point of view since there is
no need to include more than one dipole per molecule, al-
though it is somewhat surprising given that PD2-H20 dis-
plays the exact experimental anisotropic polarizabilitsese
Table 1)) in contrast with the isotropic polarizabilitiy of a
one-dipole model.

Regarding the shell model, the best implementation is
the one optimized hergSH-H20, see Table V and Table),|lI
and displayed in Fig. 2. As stated above its performance is
excellent, although it slightly overestimates the induced di-

100+

-100+

-200+

300} | @ 8’ fice

potential energy (kJ mol‘l)

poles at contact, particularly for th®p configuration(al- 2 3 4 5 6 7
though it is important to recall that such close separations are ) "
not observed in MD simulationsThe result that a method distance Li -C (&)

without anisotropic polarizabilities displays such a good
agreement is in line with the results obtained with the poin
dipole method, according to which a one-dipdigotropig
model is excellent. In this case, contrary to what has been
observed for point dipoles, the shell model performs better if
the polarizability on hydrogens is included. B. Carbon tetrachloride

Finally, both fluctuating charge models are clearly infe-  |ts much higher polarizability(10.5 A* compared with
rior to optimized shell or point dipole models for all configu- 1 4 A3 for watey together with its spherically symmetric
rations, as can be seen in Fig(&here only the best one, polarizability, makes this molecule an ideal case to study the
SPC-FQ, is displayedlt is known that the main failure is to  |imits of some of the conclusions drawn from water. Figure 4
be expected for théop configuration, as displayed in the gjsplays the Li-CCl, energy profiles computed for several
sixth panel of Fig. 2. There, instead of the total dipole mo-molecular orientationsfull lines), together with the corre-
ment, only the component of the induced dipole momenkponding profiles for the point charge approximatidashed
along thex axis is plottedflat dashed ling showing that the  jines). Three molecular orientations have been studieith
fluctuating charge model yields a null induced dipole perpensketches included in Fig.)5with two of them being almost
dicular to the molecular plane, while the other two methodsequally stablgas shown in Fig. % in the face configuration
predict the rightab initio result at all distances. Again, as for the ion occupies a position above the center of the triangle
the other orientations, this induced dipole is substaritipl  defined by three chlorine atoms and its minimum occurs at
to 2.5 D) and certainly cannot be considered a small discrepthe shortest distande=2.5 A), in the edgeconfiguration the
ancy. However, the fluctuating charge model can predict patibn sits above the line between two chlorine atoms with the
of thetotal dipole in thetop configuration(ion perpendicular  minimum at a somewhat larger distange3 A). It is note-
to the molecular plane since such configuration also in- worthy that the well depth in both cases is not far from that
duces some polarization on the molecular plane due to thef the water dimer(see Fig. ], showing that electrostatic
hydrogen sites polarizabilityfifth panel in Fig. 2. More-  interactions due to induced dipoles are metr seweaker
over, in all other configurationffirst four panels in Fig. 2 than interaction energies from permanent ofephenom-
the fluctuacting charge models underestimate the induced dénon that is known to occur in other cases, see Sec. 15 in
pole moment as well, which is consistent with the fact thatRef. 8. Finally, for thecorner configuration, with a collin-
both have a mean molecular polarizability which~20%  ear ion-chlorine-carbon alignment, the well is shallower and
lower than the experimental one. This underestimation is nobccurs at a larger distan¢e-4 A). Concerning the accuracy
only due to neglecting the perpendicular component but alsof the point charge approximation for the ion, it is virtually
due to a low in-plane polarizability along the direction per-exact down to 4.5 A for theorner configuration and down
pendicular to the molecular dipolg axis), which is roughly  to 3.5 A for theface and edgeorientations. The distance of
half of the experimental value. It is also the case that thamnaximum approach is=1.8 A for the face configuration,
polarizability along the dipole axi) is substantially higher ~2.2 A for edge, and=3.6 A for corner (note the different
than the experimental one. While it would be relatively easyorigins of the horizontal axis in Fig.)5
to get the correct experimental polarizabilities along yhe The results from several models are displayed in Fig. 5.
andz axis by optimizing the parameters in E¢g) and(8),  We first note that thab initio calculations predict rather high
the fact that no improvement is possible for thexis pre- induced dipole moment&®f up to 8 D for thecorner con-
cludes this option. It is obvious that a higher number of sitediguration), much larger than those of the water molecule,
is required for a real improvemelbr the use of a mixed and roughly one order of magnitude larger than those in neat
mode) with the consequent computational burden in MD liquid CCl, (which have a mean value of 0.19 D and a maxi-
simulations, and that this is probably not worth being pur-mum value of~0.7 D, see Ref. 84 From the preceding
sued given the success of, for instance, point dipole modelanalysis of the water molecule and the spherical symmetry of
with only one dipole. CCl,, one may think that only one point dipolgvith the

IG. 4. Ab initio potential energy curves for Li CCl, (solid lineg and for
+)-CCl, (dashed lines
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8 . y as compared with that of Cgl strongly suggests that the

] : present conclusion will not change appreciably. The natural
choice is then a model with point dipoles on each atomic
site. The only available model is that proposed in Ref. 69 and
used in MD simulations of the neat liquid and ionic solutions
in Ref. 9(see Sec. I B2 and Table )VFrom the third panel
in Fig. 5, we see that it is rather accurate for tt@ner
configuration at all distances. This good degree of accord is
reduced for theedgeconfiguration and gets even poorer for
the face configuration, so that the performance reduces for
the most probable configurations. Also in Fig. 5 the results
from a fluctuating charge mod8lare included. Its perfor-
mance is almost identical to the five point dipole model that
: has been just discussed.
: On the basis of the polarizability formulas for GCEgs.
(9), (18), and(24)] we have optimized each method for the
two most probable configuratioriface and edge. Remark-
ably, no optimization of the fluctuating charge model is pos-
sible. From Eq(9) we have thatxcc, only depends on the
differenceJOC—Jc,C|, so that these two parameters have to be
increased or decreased proportionally, in order to keep the
difference (and therefore the molecular polarizabi)itgon-
stant. Following this procedure, no changes are observed on
the curves displayed in Fig. 5. Since this method fails par-
ticularly for the most probable configuratidface we con-
8 . clude that, as in the case of water, it has the worst perfor-

: mance and that, again, a more complex apprdadfn more

point charges or mixed methodis required in order to be
comparable with the shell or point dipole methods. Together
with the aforementioned difficulties for planar molecules and
atomic ions, and despite its computational convenience, it
seems fair to conclude that it should not be recommended as
the method of choice if an accurate and fast calculation of
induced dipoles is required.

Regarding the optimized shell and point dipoles meth-
ods, the results are displayed in Fig. 6. Parameters for the
optimized shell mode(SH-CCI4 are reported in Sec. Il C,

distance Li™-C (A) and those for the optimized point dipgleD-CCl4) are given
in Table IV. It can be seen that now they both satisfactorily
FIG. 5. CCl-monovalued charge: total dipole moments for representativereproduce theb initio curves for the most probable configu-

configurationsAb initio (thick solid ling, point dipole of Ref. 69thin solid . : AT :
line), PD-centraldashed ling and fluctuating chargdslotted ling. Vertical rations (face and edge), which hIghlIghtS the importance of

dashed lines indicate the distance at which the point charge model of the ioR@rameter optimization for each molecule in order to get the
is still accurate. maximum performance, while at the same time keeping the

behavior at long distancémolecular polarizabilityintact. It

is interesting to note that this optimization process, in the
molecular polarizability located on the carbon siteight be  case of point dipoles, leads toregativepolarizability lo-
adequate. Indeed, this model is fairly reasonable for diseated on the carbon sifsee parameters in Table JVThis
tances for which the point charge approximation for the ionpossibility, which to our knowledge has never been consid-
is accuratévertical dashed linésHowever, and as displayed ered beforé® can be physically motivated if one considers
in Fig. 5, such model would produce strong divergences athat the main deficiency of the point dipole method lies in its
short distances, particularly for the most stable configuratiomnability to model intramolecular charge transfer. We see, as
(face. For this orientation the single point dipole model a result of the optimization process, that by using negative
overestimates the induced dipole for all distances. Thereforgyolarizabilities(for a buried atom), this approach is able to
the optimal model for water performs rather poorly for car-mimic alternating partial charges in a molecule that result
bon tetrachloride, indicating that the selection of a modelfrom polarization by an ion. The fact that an ion often in-
should be decided on a case per case basis. Although a dddces alternating changes in atomic partial charges if, for
finitive conclusion will require computing the total dipole example, positioned on one end of a hydrocarbon molecule,
moment for the ion-molecule complex, the low polarizability is known since a long time. Semiempirical calculations that
of the lithium ion(the only aspect that is not included hgre showed such results were among the first ones in coordina-
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g 4 A

g : edge close to apoint chargelithium ion will be now tested in the

2, environment of thépoint charg¢ magnesium ion. No further

'g : optimization is now possible, any disagreement that may ap-

= 3 : 4 5 6 7 pear will signal unavoidable deficiencies of simple polariza-
tion methods, which would need to be addressed waittnoc
improvements.

A. Water

A single point dipole located on Ml site close to the
oxygen or, to a lesser extent, a three point shell model, are
the simplest models that accurately predict the induced di-
pole of a monovalued charge for all relevant distanses
Sec. V). Only these two optimal methods will be now com-
pared with theab initio results for a divalent point charge.
Figure 7 displays the Mg"-H,O energy profiles computed
for several molecular orientatiorffull lines), together with
the corresponding profiles for the point charge approxima-
. & tion (dashed lines Qualitatively the results are very similar

distance Li™-C (A) to those for the monovalent charg€;,-face is the most
FIG. 6. CCl-monovalued charge: comparison of the best modisinitio stable conflguraf[|0|(1W|th the well depth mcreasmg by about
(thick solid line, point dipole PD-CCl4(thin solid line, and SH-ccla @ factor of 2 with respect to the corresponding curve for
(dashed ling Li ™), top andtrans have similar but shallower attractive pro-
files, while cis and C,,-back are dissociative. Concerning
tion chemistry*®° Finally, for the less probable configuration the accuracy of the point charge approximation it is virtually
(cornen both methods underestimate the induced digbje  exact down® 3 A for all configurations displayed in Fig. 7.
a ~25% in the worst caselt is to be noted that this strong The distance of maximum approach is of roughly 1.3 A for
disagreement occurs for the configuration in which higheiC,,-face and trans configurations, increases te1.5 A for
dipole moments are induced: ftaceandedgethe maximum  top and, finally, is of about=2.3 A for C,,-back
induced dipole is 6 D, while it goes up to almids D for The results for the total dipole moment are displayed in
corner. As in the(much less pronouncedase of water close Fig. 8. Each plot includes thab initio result together with
to lithium, where theab initio curve is slightly above each the best point dipole and shell models. Notice that in the case
method at intermediate distances, a likely explanation is thatf the C,, -back configuration the point dipole which is di-
there are nonlinear polarization effe¢tgith the consequent rected towards the ion at long separations, reverses its direc-
higher induced dipole in thab initio calculation, which the  tion at~3.5 A due to the contribution of the induced dipole,
classical methods are unable to reproduce. It is this particularielding negative values at shorter distances. Vertical dashed
issue that will be the focus of the following section. lines indicate the distance at which the potential energy pro-
files obtained for the ion or for a point charge are still indis-
V. MOLECULE CLOSE TO DIVALENT CHARGE tinguishable. Although still not substantial, marked diver-

The models for water and for carbon tetrachloride thatgences already exist at these separatigrisere the point

have been found to accurately reproduce the dipole momemharge approximation for the ion is exadbetween the

dipole moment (Debye)
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ab initio and classical polarization methofthemselves al- 7). The totalab initio dipole for a lithium-water dimer is 3.57
most identical within all the rangeThese differences grow D, i.e., an induced dipole moment of 1.72 @iven that
for smaller distances, although at the shortest separations theater has a permanent dipole of 1.85).DFor the

ab initio curves display a turnovewith a maximum of=8  magnesium-water pair we get 6.53 D for the taél initio

D for the total dipole, which allows the classical methods to dipole, i.e., and induced dipole of 4.68 D. The crucial point
come closer again to thab initio results (except for the is that the latter is a factor 2.7 largesompared to 1.72 D
C,,-backconfiguration, due to a larger contact distgnce  while the charge has only increased by a factor of 2. If we

Regarding the interpretation of these results, we firshow turn to the corresponding results obtained with the best
note that for distances larger than 4—5 A both methods proelassical mode(PDM, which has one point dipole located at
vide highly accurate results, confirming the good perfor-the M site), we find that the induced dipole is 1.4 D for the
mance of classical polarization methods for distances largdithium-water dimer and 2.8 D for the magnesium-water
than about two molecular diametetas observed for the dimer. Therefore, the induced dipole increases by exactly a
Li -H,0O dimen. However, for smaller distances the perfor- factor of 2 when the charge is doubled, consistent with the
mance is not as good as for the monovalent charge. Thexpected linear behavior. In conclusion, it does not seem
differences between classical aath initio results can be possible that any of thdinear polarizable models studied is
rationalized as resulting from two sources, depending on theapable of reproducing the nonlinear increases with charge
separation. predicted byab initio calculations.

First, the underestimation of the induced dipole at “in- Second, at separations close to contact ale initio
termediate” separationél.5—-4 A should probably be as- curves go through a maximum and slightly decrease at the
cribed to the lack of nonlinear contributions in the classicalclosest separations, while the classical curves continue in-
methods(hyperpolarizability, to a higher degree than what creasing. This damping that is here observed forathénitio
has already been observed in the analysis for the monovalenalculations supports the notion that a decrease of atomic
charge. Here the difference can go o@2tD between theb  polarizabilities at short distances should be expected due to
initio and classical curve@ substantial 50% in some cases, the overlap of electronic charge distributidisThe better
while for the edgeconfiguration of the Li-CCl, dimer it  accord with the classical methods that is observed at contact
was of about 30% in the worst cas®&onlinear effects can is probably fortuituous, in the sense that polarization meth-
be better appreciated if we compare, for a fixed distance, theds seem to perform better when they do not contain any
dipole induced by a monovalent charge with that induced bynechanism to mimick electronic overlap. These results stem
a divalent one. We take the case of g -face configura- from two opposing trends: the underestimation at “interme-
tion for the ion-water dimer, with the distance fixed at 2 A diate” distances and the overestimation that can be expected
(that is, the most probable orientation close to the minimumat very short distance@ most cases classical methods tend
of the corresponding potential energy profile, see Figs. 1 antb diverge for unphysically short separatipn®ut another
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FIG. 9. Ab initio potential energy curves for Mg-CCl, (solid lineg and & 12
for (+ +)-CCl, (dashed lines %
S
way, if the classical methods would have yielded a better b= A
accord at intermediate distances, then one should expect to g 6
find divergences at contact. In this connection, it is important o I
to note that no divergences are found at contact separations g g
even for this doubly charged ion, while they would probably = i
appear in any method that would include nonlinear effects % 0 . . . .
(which would require the use of damping schejnes 3 3 4 5 6 7

B. Carbon tetrachloride

Finally, we turn to CCJ, for which it is to be expected
that the features just discussed may become even more evi-
dent. Figure 9 displays the energy profiles computed for sev-
eral molecular orientationgull lines), together with the cor-
responding profiles for the point charge approximation
(dashed lings Again, the qualitative results for the
Mg* *-CCl, profiles are very similar to those for i The
faceand edgeconfigurations have almost the same stability,
albeit the well depth has increasedimprethan a factor of 3
(while the charge has only been doublebhe edgeconfigu-
ration also increases its well depth although, again, its posi-
tion is located at a much larger distance and is therefore less
probable. In contrast with all previous examples, there is a distance Mg2+-C ( A)
substantial disagreement with the point charge approxima-
tion for the ion(dashed linesat all distances. Consequently, FIG. 10. CCj-divalent charge: comparison of the best modéls. initio
the comparison wittab initio results will only apply for the  (solid bold ling, PD-CCI4 (thin solid ling, and SH-CCl4(dashed ling
point charge-CGl system. The distances of maximum ap-

roach barely change compared to those reported in Sec. .
R/B y g P P methods produce exact results for distances larger than one

. 1 ~ . . ._
Figue 10 displays the resus from teb nfocaleuia: TGO BAECE G X EREe B
tions together with those from the optimized point dipole ’

(PD-CCI4 and shel(SH-CCI4 models(see Sec. IV The 10N €an be as large as a 50%. Again i initio results
most remarkable aspect probably is the huge induced dipol%ISpIay a turnqver for the closest dlstanc_es,_ which in th'?
moments predicted by thab initio calculations, which go up case the cl_assmal methods are able _to mimick to a certain
to 25 D for theedgeconfiguration. Certainly, these results e_xtelnt. A?]a'(;]’ there are no S|gns-of dlvergence_for.fghe Clz?
correspond to the point charge-GGlystem and will have to fS|ca met ods St contact s_ep%r_atlcl)ns, anh r|1|o S|%n|||cant "
await confirmation from a computation for the real erences exist between point dipoles or shell models.

Mg™* *-CCl, dimer. Concerning the point that is of interest
here, the comparison of the induced dipoles betwadeini-

tio and classical methods for a point charge, the basic results To summarize, the point dipole or shell models are re-
obtained for water are here reinforced. Basically, classicaiarkably accurate at all distances in the vicinity of a small

dipole moment (Debye)

VI. CONCLUSIONS
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monovalent charge. The analysis close to a divalent charggCKNOWLEDGMENTS

(or to a monovalent charge for highly polarizable molecules This work was supported by EC TMR network HPRN-
suggests that the inclusion of hyperpolarizability might be~T1.5000-19 (“Solvation Dynamics and lonic Mobility in
required to cure the underestimation of the dipole moment atonventional and Polymer Solvenis"CYT Project No.
intermediate distances. It should be noted that in no case FM2001-2077, and an Austria-Spain coordinated action.
damping required, so that the use of damping schemes based

on divergences taking place during MD simulation of the AppENDIX: POLARIZATION TENSOR COMPONENTS
liquid phase does not seem justified on physical grounds.

Actually, in most configurations classical polarization meth-

ods tend to underest|mat(_e the induced dipole. . reminded that the axis is directed along the water symmetry

The present results discourage the use of the fluctuatlngxis bisecting the angle between both oxygen-hydrogen
charge method. Besides its known limitations for planar mo"stret,ches, with the origin located on the oxygen éitethe
ecules and atomic ions, it has been shown that for carbogyjiary siteM characteristic of TIP modelsOnly the cases
tetrachloride(a spherical molecule with five sites cannot  of fluctuating charges and point dipoles will be addressed, as
describe, even if optimized, the induced dipole for the mosthe general expression for the shell method is already derived
probable molecular orientation. While a better performancen Sec. |1 C.

might probably be obtained using a higher number of site :
. S . . . 1. Fluctuating charges

charges, this solution is in conflict with the requirements of

efficiency in MD simulations. In contrast, the point dipole ~ The molecular dipole moment in thedirection is given

and shell models display a high degree of flexibility, which by (au,+qn,)d cos@2), whered denotes the O-H bond

has allowed to optimize their parameters and obtain a muclength andé the bending angle. If the set of E@}) is par-

better accord withab initio calculations than would be pos- ticularized for this caséonly the equation for one of the two

sible by simply using transferable sets of parameters. In thigydrogens is given we obtain

sense, given the present feasibility of an ab initio analysis for XH+JE|qH1+JH1H2qH2+JHOqO—d cog 8/12)E=y, (Al)

each molecule of interest, it is probably advisable to perform

a case per case parameter optimization instead of using re- Xo™t J%Qo+JHOQH1+ JholH,= X (A2)

duced sets of atomic parameters which, although yielding

acceptable results for a wide range of molecules, are not able do+ Aw, +An,=0. (A3)

to exploit the full capabilities of simple polarization meth-  Together with the fact that both hydrogens have the same

ods. The example of the point dipole method applied to careharge v, =0k,), it is straightforward to obtain for the

bon tetrachloride illustrates this point: while it is improbable inducedcharge on each hydrogen,

that a negative polarizability for the carbon atom is transfer-

able, it is the one that yields the best accord wéthinitio ind_ Edcog 6/2) (A4)

results for this particular molecule. Following this approach, . Jﬂ+JH1H2+ 230— 4340

and for the cases studied, the use of mixed methods does not

seem necessary, specially considering that they do not seem

to have the potential to reproduce nonlinear effects either. , _ E2d? cog( 6/2)
Certainly, it is necessary to check whether the present P3°=2q};'d cog 6/2)=

conclusions hold for the real ion-molecule dimer and for this

purpose the total induced dipole will be computgdinitio  from which «,, is readily identified® [see Eq.(8)].

and with classical methods that include ion polarizability. No

substantial changes are anticipated, though, given the low. Point dipoles

cation polarizability and the fact that the basic conclusions

alreadv hold in the reaion where the point charge approxi- Under the effect of an external field in thkedirection
y ! glon w pol g€ app Xthere are, in principle, nine induced dipole Cartesian compo-

mation for the ion is highly accurate. Assuming that this 'Shents to be determined, which are reduced to only three due
the case, schemes for including nonlinear effects will be symmetry considerations: thiecomponent of the oxygen
studied. In this connection, although damping schemes seefipole moment pg), the z component of the hydrogen di-
not to be required in the cases studied here, if an additioneﬂmeS (Dl;l and p'z-*z, which will be equal, and possibly the

nonlinear poIarlzgtlon is mcIuded., it mlght actually require components of the hydrogen dipolepHé and pHZ’ again
the use of damping at contact. Finally, given the very good Y y

accord obtai_ned witlab initio_calculations for dimers in the (.aqus\llelncrgsg:(l)trun?)itte)?tfglr‘ ?r?sﬁgilé?nglgg?)anding formula
gas phase, it seems essential to ascertain the possible vandz and retaining terms different from zero:

tions of polarizability that may take place in condensed

phasei®-1%since at the present level of accuracy they may ~ PY= aO[E+(TO—Hl)zzszl+(TO—Hl)zypi;l_"(TO—HZ)ZZpZHZ
constitute the limiting factor in order to get a satisfactory H

representation of many-body effects in the condensed phase. +(TO'H2)ZYpy2] (AB)

Here we outline the derivation of one of the polarization
tensor componentsy,,) for the case of water. It should be

The induced dipole in the direction is thus given by

. (A5)
I+ i, + 235430
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= aol E+[(Tom) 2zt (Tom) 2Py

+ [(TO-Hl)zy_ (TO-HZ)zy] pyl}

From Eg.(12), the polarization tensor components are

(A7)

1
(TO-Hl)zz= (TO-HZ)ZZZE [3 CO§( 0)—1], (A8)
3 cog 6)sin( )
(TO-Hl)zy: - (TO-Hz)zy: T ) (A9)
which if inserted in the expression fp? yield
(o] 2 Hy
pY=ao E+ 5[3 cog(6)—1]p,
6 cog 0)sin( #)
+ T pyl . (A10)

In a similar way corresponding expressions can be de
rived for the other two components:

3cog(0)—1 1
H1: E+ O_ Hy
Pz = # P sdsi(o) ? |
(A1)
3 cog )sin(6) 1
Hy o) Hy
- - AL2
Py =T e

From the last three equations it is straightforward to ex-
press the dipole components in termsofWhen inserted in
the expression for the total dipole momenp,€ p?
+2pZHl), a5 is readily identified see Eq.(17)].
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